Abstract: An investigation and remediation of instability along cut slopes of an irrigation canal in salt-rich clayey colluvium in southern Alberta is described. Random sloughing of the canal side slopes began to occur 2 years after construction over a 7500 m length of canal and was nearly continuous over a 2500 m length 3 years later. The sloughs are shallow seated and most had the appearance of a "mud" flow. Soil salinity also developed along the canal slopes due to capillarity and evaporation. Failure of the clay slopes in the cut sections is attributed to swelling, dispersion, and softening of the subgrade due to exposure of the salt-laden clays to fresh water. In contrast, 600 m of salt-rich clayey colluvium compacted as a clay liner on the canal side slopes showed no evidence of sloughing and salt loading after 9 years of service. Good soil compaction inhibited softening and slope instability in these salt-rich soils. Results from detailed site investigations and observations, and the interplay of soil chemistry and geology, facilitated the selection of a satisfactory method of repair. Repairs consisted of reconstructing 2500 m of canal by overexcavating the canal subgrade and replacing those soils with compacted soil.
Introduction and background
This paper presents a case history of an unusual slopestability problem along canal slopes excavated in salt-rich clayey colluvium. The canal, part of the Blood Tribe Irrigation Project, is located southwest of Lethbridge, Alberta, on the Blood Indian Reservation. The major components of the turnkey project, constructed between 1990 and 1994, consist of the 20 km Mokowan Ridge Canal, a 13 km long header canal, and a 19 m high earthen dam for an inland storage reservoir. The completion date for all components of the project is 2001. The canals are referred to herein as Mokowan Ridge Canal reaches 1-5 (MR1-MR5) as shown in Fig. 1 and header canal reaches 1-5 (HC1-HC5), which are not shown.
A typical canal section in cut consists of 2.4 m high canal banks with 3:1 (H:V) side slopes, a bottom width of 5.5 m, and a water depth of 1.5 m. Maximum excavation depths were 8 m. Compacted clay sections made up about 600 m of the canal in MR3 and consisted of a 900 mm thick continuous clay liner placed across the entire canal section on side hill sections, and shorter sections of compacted two-bank fill sections. All canal side slopes were covered with armour gravel to about 1.9 m above the invert for erosion protection and along the invert only in compacted clay liner sections to minimize weathering of the compacted clay.
There were no incidences of slope instability on cut slopes in MR3-MR5 and HC1 during construction. However, shallow sloughing began to occur late in the winter of 1992 about 2 years after construction throughout MR3 to station 15 000 in MR4. Sloughing occurred annually in this section during late winter and was nearly continuous over a 2500 m section by 1996. In contrast, random sloughing occurred as a one-time event in the rest of MR4 and in MR5 and HC1. In most cases, the failures were typically shallow, "quick" or flow-type sloughs that occurred in fully softened clay directly below the armour gravel (Fig. 2) . Sloughing was initially attributed to frost action partly because of the extremely silty appearance of the clay-rich soil and the relatively high water table. Observations showed no sloughing activity in MR3 on slopes consisting of compacted clay.
The performance of the canal was not seriously affected by this sloughing activity, but contractual obligations required that the canal be restored to an as-built condition before transfer of ownership to the Blood Tribe. Consequently, a detailed investigation was initiated in 1996 to understand the mechanism of the unusual sloughing activity and to determine a solution to the problem. The major concerns were the unusual form of the slope failures in clay and the differences in the sloughing activity, which occurred under what appeared to be similar conditions in MR3 to station 15 000 in MR4, and the one-time sloughing events that occurred beyond station 15 000 in MR4 and in MR5 and HC1. Previous attempts to repair the slopes had been made between 1992 and 1996 with limited success.
Observations
The following observations, made prior to the 1996 investigation, helped to characterize the sloughing activity along the canal.
• Sloughing activity was commonly associated with thawing conditions in late winter or during spring snowmelt. Construction staff assumed that sloughing was associated with frost heaving due to the silty nature of the clay-rich colluvium. The onset of sloughing did not appear to be associated with heavy precipitation events. Record rainfalls of up to 760 mm occurred in the summer months of 1993-1995 with no related sloughing activity. However, occasional sloughing did occur in subsequent summers at locations where water tended to pond in drainage ditches. This ponded water contributed to salt loading on the surface of exposed ditch cut slopes through capillarity and evaporation.
• Near-continuous sloughing activity of the canal side slopes was observed in clay-rich colluvium of MR3 in comparison to random sloughing that occurred in the clay-rich alluvium and clay till of MR4 and MR5. The sloughing events within MR4 and MR5 were isolated one-time events, with no failures in subsequent years.
• The observed slip surface tends to be shallow, occurring in the softened subgrade just below the armour gravel and generally involving the entire slope section covered with armour gravel. The most common type of failure in MR3 and in MR4 up to station 15 000 was a "quick" type failure resembling a mudflow retrogressing from the toe. This was sometimes accompanied by multiple scarps above the slide area. Sloughing in some areas occurred over a slickensided surface with heaving into the space from which the slough debris was removed. In the remainder of MR4 and MR5 the size and location of the sloughs were randomly distributed, with no preferred orientation to the slip surfaces. The sloughs were generally planar, parallel to the toe of the slope, and less than several metres in length and could be found almost anywhere along the armour-gravelled slopes in the identified canal sections. In many instances, the sloughs were totally confined by armour gravel prior to failure.
• In some areas, the clayey subgrade near the toe of the canal slopes softened to such an extent that the subgrade could not support the weight of a person.
• Long-term piezometric levels were at least 1 m below the canal invert, ruling out high piezometric levels as a contributing factor to slope instability.
• Surficial salt deposits were commonly observed in areas of slough debris, exposed slip surfaces, aggregate surfaces, and areas of exposed subgrade following dry periods. These salt deposits developed as a result of upward migration of salts by capillary movement of water from groundwater and water ponded at the toe of cut slopes in response to surface evaporation.
• Pinhole tests (American Society for Testing and Materials (ASTM) Standard D4647-87) confirmed the presence of potentially dispersive clays that could be a contributing factor to random erosion or scouring along the canal invert.
• Sloughing activity and salt deposits were nonexistent where topsoil and grass were present on the canal slopes above the armour gravel.
• Observations showed no sloughing activity occurred during or immediately after the release of fresh water down the canal.
• Observations showed no sloughing activity in a 600 m length of compacted clay liner in MR3 constructed from clay-rich colluvium between 1990 and 1996.
• Site inspectors at times had difficulty distinguishing between clay-rich soils consisting of colluvium, alluvium, or clay till. Although this was not a problem for construction, it did point out the need to reevaluate site geology.
Site geology
The MR3 canal to station 15 000 of MR4 (Fig. 3) is incised into colluvial deposits overlying deposits of silt, silty sand, and bedrock. The colluvial deposits consist of low-to high-plasticity clay with some silt and silty sand layers derived from the Willow Creek Formation found atop the Mokowan Ridge Butte, which is located several kilometres upslope of MR3, MR4, and MR5. The underlying silt and silty sand deposits are more uniform and areally continuous.
These deposits may have been derived from coarser grained lacustrine deposits.
The Willow Creek Formation and St. Mary River Formation are composed of sandstone and clay shale. The Willow Creek Formation is nonmarine in origin, whereas the St. Mary River Formation is of marine origin. Soils derived from the St. Mary River Formation have a greenish tinge as opposed to a red tinge for soils derived from the Willow Creek Formation. From stations 15 000 to 16 900 in MR4, the canal is incised into alluvial clay deposits. Stalker (1963) originally classified these deposits as lacustrine deposits consisting of fine silt, sand, and clay that is locally varved in generally thin deposits over ground moraine. However, recent test pits described by T. Dash (personal communication, 1997) noted minor pebble and sand layering, with no indication of varved material as indicated by Stalker, which suggests these deposits are alluvial in origin. Shallow, clay-rich slope wash overlies the clay till, which in turn overlies the St. Mary River Formation beyond station 16 900, to the end of MR5 at station 20 400. Test pits and airphotos generally confirmed the boundaries between colluvium, alluvium, clay till, and bedrock (T. Dash, personal communication, 1997) .
Construction records indicate the canal is incised into clay colluvium with some pockets and layers of silt and silty sand throughout MR3 up to station 15 000 of MR4. Between stations 15 000 and 16 900, the canal is incised into alluvium that is predominately clay with some silts and sands. Beyond station 16 900 to the end of MR5 at station 20 400, the canal is incised mainly in clay till that is mantled by 1-2 m of slope wash rich in clay. In places, the canal was incised into clay shale from the St. Mary River Formation.
The airphoto in Fig. 1 shows that the topographic character from MR3 to station 15 000 in MR4 is similar. The colluvial deposits clearly show gully-type patterns caused by erosion, even though they are partly obscured by cultivation. In contrast, the topography between stations 15 000 and 16 900 is smooth and the gully patterns are generally absent. The significance of gully erosion was not obvious during the original canal investigation in 1989.
Soil investigations
Foundation conditions along the canal slopes, canal rightof-way, and compacted clay sections were investigated in much greater detail in 1996 than in the original 1989 investigation. In 1989, few problems were anticipated with these soils and effort was placed on locating the canal in impervious soils and obtaining a balanced cut and fill. The emphasis of the 1996 investigation was placed on comparing physical and chemical properties of the soils in the canal excavation in both failed and unfailed slope areas with those found along the canal right-of-away that extended about 20 m outwards from the canal excavation.
The soils found in MR3 consist primarily of silty, medium-plasticity clay colluvium (clay-rich colluvium) and some deposits of high-plasticity clay and lesser amounts of silts and sands. The soils in MR4 up to station 15 000 consist primarily of medium-plasticity clay colluvium with some low-plasticity clay. The remainder of MR4 consists primarily of a low-plasticity clay alluvium. The soils found in MR5 were mantled by up to 2 m of medium-plasticity clay, identified as slope wash, overlying medium-plasticity clay till and some protrusions of clay shale from the St. Mary River Formation. Pockets of silt and sand encountered during construction were replaced with compacted clay. General physical properties for the soils in canal reaches MR3-MR5 are shown in Table 1 . The soil properties do not suggest any unusual attributes for the clay-rich colluvium except that the dry densities are lower than for either clay alluvium or clay till.
Construction
Canal sections in MR3-MR5 were mainly in cut except for a near-continuous 600 m section of compacted clay liner in MR3. Few difficulties occurred with excavation and handling of the clay-rich colluvium.
The compacted clay liner had been constructed from clayrich colluvium obtained from excavating the canal in MR3. There were no unusual problems with the colluvium during compaction operations. Soil tests (Table 1) showed that the physical properties of the clay used to construct the compacted clay liner were similar to those of the soils found throughout MR3. Two sets of compaction standards were used to construct the clay liner. Clay above the upper elevation of the armour gravel required compaction to at least 92% of Standard Proctor maximum dry density at a permissible water content ranging from 2% dry to 3% wet of optimum water content. Field density tests showed an average 96.7% of Standard Proctor maximum dry density with an average water content of 1.0% above the optimum water content was obtained during construction. Clay compacted below the upper elevation of the armour gravel required compaction to at least 95% of Standard Proctor maximum dry density at a permissible water content ranging from 0 to 2% above optimum water content. Tests showed an average 98.1% of Standard Proctor maximum dry density with an average water content of 0.6% above the optimum water content was obtained during construction. A sheepfoot roller with a foot contact pressure in excess of 2400 kPa was used for compaction.
Swell testing
A limited number of swell tests under in situ surcharge conditions were carried out on undisturbed samples of clayrich colluvium obtained from canal reaches MR3 and HC1 (Table 2 ). Samples were selected on the basis of soil porewater chemistry. Limited testing suggested some correlation of swelling with percent sodium (%Na = Na /TDS, where TDS = Ca + Mg + Na + K) and the sodium adsorption ratio (SAR = Na /[(Ca + Mg)/2] 0.5 ) and a poor correlation with TDS. All ion concentrations are expressed in milliequivalents per litre (mequiv./L). Samples with high %Na concentrations showed total swells of 2.2 and 4.3% when immersed in distilled water. There was no apparent correlation between clay content (percent passing 2 µm sieve size) and total swell, which suggests swelling may be related to clay mineralogy and sodium content. Although swelling of the clays in the subgrade contributed to slope failure, extreme spatial variation in clay mineralogy, ionic species, and concentration, over very small sampling distances, indicated additional free swell tests would be pointless. It will be Canal reach Soil group Note: Numbers in the table show the average test value, with the number of tests in parentheses. CL, CI, CH, CIT, and CS denote low-, medium-, and high-plasticity clay, medium-plasticity clay till, and clay shale, respectively; γ d , W L , W P , and I L are dry unit weight, liquid limit, plastic limit, and liquidity index, respectively; % silt and % clay denote the percentage of material passing the 74 and 2 µm sieve sizes, respectively. Note: E c , electrical conductivity; %Na, sodium as a percentage of total cation concentration (Ca + Mg + Na + K); SAR, sodium adsorption ratio; TDS, total dissolved solids. shown later that swelling and dispersion which contributed to slope failure can be correlated with high sodium and magnesium levels in the soil pore water.
Clay mineralogy
Two medium-plasticity clay colluvium samples from MR3 and a sample of high-plasticity clay colluvium from HC1 were analyzed to determine their clay mineralogy. Analytical results are shown in Table 3 . The clay fractions analyzed had high percentages of smectite, even though this seemed to be inconsistent with the typical liquid limit values shown for the respective soil groups. An attempt was made to wash the salts out of the samples and then determine the effect on the Atterberg limits. This proved to be difficult, as the fine clay flocs tended to clog the filter paper used to retain the claysized particles. It is likely that centrifuging the samples may have been more effective, but this equipment was not available at the time. Barbour and Yang (1993) demonstrated that elevated salt concentrations could significantly reduce the liquid limit of clay soils while having little to no affect on the plastic limit.
Field survey and test pit investigation
Visual inspections and test pits were used to confirm site geology, further evaluate soil structure, and determine soil consistency of the subgrade in both failed and unfailed slope sections and compacted clay liner. General observations are as follows:
• Compacted clay liner sections in MR3 had not failed after more than 6 years of service. Visual inspections showed the compacted clay liner, although still intact, had weathered to a depth of 300-600 mm in places and had developed a nugget-like structure within this depth. There were no indications of salt deposits on armour-gravel surfaces such as observed on cut-slope surfaces in the remainder of MR3.
• In many areas the armour gravel was heavily contaminated with fines deposited by wind and water. However, it was also observed that subgrade material on the cut-slope surfaces had moved upward into the armour gravel. It was difficult to determine whether the subgrade had softened or swelled up into the armour gravel.
• Thixotropic behaviour was observed in some clay-rich colluvium in MR3. For example, light, repeated tapping of the sides of a shallow hole located in the subgrade caused the clay-rich colluvium to flow at the point of impact followed immediately by the presence of free water on the soil surface. The clay firmed up immediately upon cessation of the tapping action. Examination showed the material was medium-plasticity clay with a stiff consistency.
• Fully softened clay was randomly encountered in test pits as pockets and layers to a depth of 2 m.
• Evidence of dispersed clay was encountered. Scour holes were present at random locations along the canal bed not protected with armour gravel. Scouring should not have been as extensive as observed based on the canal design velocity. Small pockets of colloidal-size clay particles were also observed in places where the clay had flowed out from beneath the armour gravel along the toe of the side slopes.
Pocket penetrometer surveys
Pocket penetrometer surveys were used to estimate the depth of subgrade material that had to be excavated prior to reconstruction. The surveys also delineated the extent of subgrade softening due to swelling and allowed comparison of the soil consistency in terms of the undrained shear strength in both failed and unfailed cut slopes, as well as slopes constructed with a compacted clay liner. The test pits were excavated across the entire length of the canal slope.
The data shown in Figs. 4-6 represent pocket penetrometer readings taken at a common vertical section at various locations along a test pit. Lines joining a common symbol represent this vertical section. Figure 4 shows pocket penetrometer readings from canal slopes in cut that were judged stable at the time of the survey. Readings were combined from three test pits to a depth of 1100 mm below the ground surface. The data show subgrade softening to at least 400 mm below the ground surface followed by increasing stiffness with depth. The survey showed that portions of the slopes were on the verge of failure where the shear strength was approaching 0 kPa. Figure 5 shows a pocket penetrometer survey of a failed cut slope located in MR4. Extreme softening of the subgrade to a depth of 400 mm is apparent followed by an abrupt increase in the undrained shear strength. Figure 6 shows a pocket penetrometer survey taken on a compacted clay liner section located in MR3. The survey shows a region of lower undrained shear strength in the upper 400 mm of the subgrade followed by an increase with depth. The undrained shear strength is comparably higher than those indicated for unfailed canal slopes in cut that were judged to be stable at the time of the survey.
Soil pore-water chemistry and pinhole tests
Surficial salt deposits developed on failed cut-slope sections after surface drying, along slip surfaces, on aggregate surfaces, and on exposed subgrade areas not related to slope failure following extended periods of surface drying. The presence of these surficial salt concentrations is the result of an ongoing process of capillarity and evaporation. Implications of this process were not fully appreciated until detailed sampling and testing of the subgrade were completed. Sam- Note: CEC, cation exchange capacity in cmol/kg of clay particles <2 µm (cmol/kg is equivalent to mequiv./100 g). Specific surface area is the specific external surface area of sodium-saturated clay. Table 3 . Clay mineralogy for clay-rich colluvium (Mermut 1997). ples of both surficial soil deposits and the underlying clay subgrade to a depth of at least 6 m were obtained for soil chemistry analysis and pinhole tests from failed and unfailed cut-slope sections and compacted clay liner sections.
Pinhole tests
A total of 36 pinhole tests with reference companion soil chemistry tests were performed on soil samples obtained from MR3-MR5. In addition, 59 pinhole tests without companion soil chemistry tests were also available from previous work. Studies showed that 51% of 95 samples tested from a random population were found to be potentially dispersive. A summary of the pinhole tests and soil pore-water chemistry is provided in Table 4 . The large standard deviation indicated results from spatial variations in soil pore-water chemistry. In the pinhole test (ASTM Standard D4647-87), a sample is classified as either dispersive (D1 or D2), moderately to slightly dispersive (ND3 or ND4), or nondispersive (ND1 or ND2). A dispersiveness chart, as developed by Sherard et al. (1976) , showing pinhole test classification versus %Na levels and TDS is shown in Fig. 7 . A good correlation was obtained with samples classified as dispersive (D1 and D2), but the chart was found to be less reliable for samples classified as ND3/ND4 and ND1/ND2. In general, the data in Fig. 7 suggest soils with a %Na level greater than 60% are potentially dispersive.
Distribution of salts in canal reaches MR3, MR4, and MR5
Pinhole testing and soil pore-water chemistry showed that potentially dispersive soils and high sodium levels were generally present in MR3-MR5. These high sodium levels in conjunction with the high smectite content levels in the clays contributed to softening of the subgrade through swelling. However, this information did not explain the behavioural differences in the ongoing sloughing activity in MR3 to station 15 000 in MR4 and the absence of ongoing sloughing activity in the remainder of MR4 and MR5. Studies undertaken to analyze these behavioural differences are outlined below.
High %Na levels are a major factor in clay dispersion and swelling. A total of 101 soil chemistry tests were performed using a "saturation extract" technique as described by Janzen (1993) . The major soil cations generally present in MR3 to station 15 000 in MR4 in decreasing order of concentration were Na > Mg > Ca > K, except in MR5 where Ca levels generally exceeded Mg levels. In some tests, the concentration of Mg exceeded Na levels in MR3 and MR4. Table 5 shows that %Na levels were even higher in MR4 and MR5 than in MR3.
The spatial variation in the soil pore-water concentrations resulted in a great deal of scatter in the test data. Nonethe-Can. Geotech. J. Vol. 38, 2001 
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Relationship between susceptibility to dispersion and dissolved pore-water salts (after Sherard et al. 1976 less, there were a sufficient number of tests to delineate a pattern of salt distribution. The data shown in Figs. 8-10 also include soil pore-water chemistry obtained from the compacted clay liner samples in MR3, as shown in Table 6 . There are numerous locations along the canal where surface salinity is visible. Based on these observations, it was initially thought that the salt concentrations would increase near the surface, due to the upward movement of water as a result of evaporation. Figure 8 shows that high levels of %Na were found throughout MR3-MR5 and it was interesting to note that there was no dramatic attenuation of the sodium concentration with depth as anticipated. The high %Na levels shown in MR4 are located upstream of station 15 000. Figure 9 shows a correlation of TDS concentration with depth. Although not identified individually, TDS concentrations downstream of station 15 000 in MR4 were similar to those in MR5. The low TDS concentrations downstream of station 15 000 in MR4 and MR5 are in sharp contrast to the high sodium levels present in these canal reaches and may be one reason for less swelling and dispersion in these sections.
Another aspect in the behavioural differences of the cut slopes may be seen in the magnesium to calcium cation ratio (Mg/Ca) shown in Fig. 10 . Most clayey soil on the Prairies tends to be dominated by Ca and Na cations. Tests showed that Na and Mg cations were generally dominant in the clays found in MR3 and MR4 but not those in MR5. St. Arnaud (1979) indicates a high Mg/Ca ratio is indicative of transported soil salinity and capillary rise from a shallow water table. Emerson (1979) indicates exchangeable sodium is the main cause of dispersion, but its effect is enhanced by the presence of exchangeable magnesium rather than calcium. Mermut (1997) suggests Mg can lead to dispersion and swelling much like that due to the presence of Na.
The Mg/Ca ratios in MR3 show a gradual increase with an increase in depth, with peak concentrations occurring at a depth of 2.0-2.5 m. This depth corresponds closely to the location of the groundwater table. The two extremely high values shown in MR4 were obtained from surface samples in which salts have concentrated as a result of evaporation. These deep profiles of elevated Mg levels indicate that the high salt concentrations are the result of historical salinity and regional groundwater flow and not simply due to evaporation and the surface accumulation of salts.
Groundwater and surface-water quality
Water samples were obtained for chemical analysis from standpipes located adjacent to the canal in MR3 and MR4, a dugout where clay was borrowed to construct the compacted clay liner during construction, and water ponded in the canal in MR3. The standpipes were purged and allowed to stabilize before water samples were obtained. Chemical analysis showed the dominant cation species from the groundwater, dugout, and canal were, respectively, Na > Mg > Ca > K, Na > Ca > Mg > K, and Mg > Na > Ca > K. Sulphate (SO 4 ) was the dominant anion found in all three water sources. The TDS levels of groundwater samples obtained from MR3 ranged from 8000 to 18 000 mg/L. Downstream of station 15 000 in MR4 the TDS levels were generally less than colluvial or alluvial in origin, being formed as floodplains, slope wash, or lake beds. In addition, these clays often contain high concentrations of dissolved salts, particularly sodium. High salt contents are related to the fact that these clays are deposited in arid and semiarid climates in which low infiltration rates and high evaporation rates promote the accumulation of salts.
When exposed to fresh water, the diffuse double layer surrounding the clay particles swells, increasing the repulsion between individual clay particles and resulting in swelling. If unconstrained, the particle may be separated from other particles, resulting in complete particle dispersion. Once released, the colloidal clay particles are free to be transported by moving water. Early work by Australian researchers demonstrated that the onset of dispersion was a function of both the ionic concentration of the eroding water and the dissolved salts present in the clay. Charts, like that shown in Fig. 11 , were developed to demonstrate the chemical conditions required for the onset of instability. The chart illustrates that dispersive clays may be stable under elevated pore-water salt concentrations. As the pore water is diluted, the clays undergo swelling and become potentially dispersive. If the samples are constrained, then swelling will lead to a new stable but deflocculated structure. However, if unconstrained while undergoing deflocculation, the clays will become unstable and disperse. It is also important to note that clays with exchangeable sodium percentages as low as 10% can be destabilized if the eroding water has a lower salt concentration than the soil pore water.
Application to canal sloughing
The information gathered to date provides conclusive evidence that the colluvium along MR3 is a potentially dispersive clay. The genesis of these materials is typical of the development of dispersive clays in arid and semiarid environments. The colluvial soils along MR3 are clay rich (-40%) and contain a significant component of expansive minerals. These soils are also salt rich and contain high percentages of sodium (>50%). The pinhole dispersion tests and the soil chemistry also demonstrate that these materials would be classified as dispersive. In addition, the behaviour of these materials upon exposure to fresh water, both in the field and in laboratory testing, is typical of descriptions in the literature of erosion, swelling-softening, and sloughingquick conditions upon exposure to fresh water. MR3 is more typically characterized by piping of the subgrade fines into the armour gravel and the numerous shallow flow-type sloughs.
Some of the key questions, however, relate to the lack of ongoing failures along the cut slopes downstream of station 15 000 in MR4 and along MR5 and the effectiveness of compacted liners in MR3 in preventing the sloughing failures.
The geologic interpretation suggests that the canal is founded primarily in clay till along MR5 and within alluvium, rather than colluvium, downstream of station 15 000 in MR4. Although the clays within this reach of MR4 are similar to those in MR3, there are some significant differences in chemistry. Elevated percent sodium levels are present in all three reaches; however, the TDS levels of soilextract solutions downstream of station 15 000 in MR4 and MR5 are much lower. This may be due to a different depositional environment or may be indicative of less salinity development in these areas. In any event, these lower initial salt concentrations would lead to less swelling (and a lower potential for dispersion) when exposed to fresh water. Another significant factor in this regard is the profile of Mg/Ca ratios in MR3 and MR4 to station 15 000 relative to the remainder of MR4 and MR5. Elevated Mg/Ca ratios in MR3 and MR4 are indicative of transported salt associated with the development of soil salinity. In addition, elevated Mg concentrations tend to make a clay potentially more dispersive, with a greater swelling potential, relative to Ca.
Remediation
Ingles and Aitchison (1969) state quite succinctly that from a chemical perspective the methods of remediation must either increase the bond strength between the clay particles or decrease the dispersive power of the eroding water. The purpose of a freshwater canal precludes the use of the latter. Increasing the bond strength would include treatment of the soil with some form of divalent cation through the use of chemical additives such as calcium hydroxide (lime) or calcium sulphate. There is evidence that compaction wet of optimum can minimize erosion of dispersive clays (Landau and Altshaeff 1977). Ingles and Aitchison recommend the use of compaction wet of optimum and design procedures that protect the clay from drying (shrinkage) which would produce macropores and the potential for piping. Sherard and Decker (1977) also note that compaction may have some benefit. The field evidence from the compacted sections of MR3 suggests that compaction does have a significant benefit in controlling swelling-softening and dispersion. Studies are currently being planned to evaluate the mechanism for this increased stability; however, the increase is likely the result of the increased density and strength. The clay may initially also have a decreased hydraulic conductivity due to compaction, but it would likely undergo an increase in hydraulic conductivity as it undergoes freeze-thaw and desiccation. The weathering of the clay liner did produce a nugget-like soil structure in the upper 300-600 mm of the compacted clay. This structure may result in the weathered zone of the compacted clay having less ability to transmit water due to capillarity than the natural clays. This in turn would minimize the movement of salts into the surface soils as the result of evaporation. It was observed that clays located on the excavated canal slopes did not exhibit the same degree of nugget-like structure from weathering. It is felt that nugget-like structure observed in these clays had partially healed from swelling and dispersion.
Repair options
Contractual obligations required that the canal be restored to a new condition before being transferred to the Blood Tribe, since the work was still under warranty. Although observations showed that sloughing occurred over a 7500 m section of canal, it was only near continuous over a 2500 m section of canal in MR3 and that part of MR4 located in clay-rich colluvium where sloughing had occurred on a nearly annual basis. Random sloughing had occurred as a one-time event in the remainder of the canal, with no further occurrences in the past 6 years. Based on the results of the investigation and observations, it was decided to repair only the 2500 m section of canal located in MR3 and MR4, with local repairs in the remainder of the canal. This resulted in a cost saving of about 2 million dollars for canal reconstruction.
A number of repair options were considered, including a plastic geomembrane, surcharge loading, cation exchange, grassing the side slopes, and a compacted clay liner. Repair, in all cases, except for the cation exchange option and seeding the slopes to grass, would have required removal and replacement of the existing armour gravel and soft subgrade to a minimum depth of 1 m or more. Reconstruction was carried out in the fall of 1997 and spring of 1998 using a compacted clay liner. In some isolated pockets, up to 2.5-3.0 m of clay subgrade was removed due to very soft consistency.
Consideration was given to placing a 20 mil (1 mil = 25.4 µm) plastic geomembrane directly under the armour gravel to prevent the development of surficial salt by capillarity. The geomembrane would prevent upward movement of salt water by capillarity and downward infiltration of fresh water into the underlying subgrade, thus reducing swelling of the subgrade. Although a geomembrane could prevent future swelling of the subgrade, a risk exists that the integrity of the geomembrane and its ability to prevent water from seeping into subgrade from various points of entry would not be satisfactory. Even a small amount of swelling could eventually destroy the membrane.
Surcharging the subgrade with gravel to counteract swelling was given consideration, since this method has been used successfully on other Prairie Farm Rehabilitation Administration (PFRA) constructed projects. A series of swell tests was planned to determine the surcharge load to counteract swelling pressures. This was a difficult task considering the spatial variability of the sodium and magnesium levels and clay mineralogy of the clays encountered along the canal. The swell testing program was consequently abandoned when a previous repair was investigated. A 25 m length of a failed cut slope had been repaired by replacing the subgrade with up to 750 mm of gravel. The slope showed signs of distress after 4 years of service. The repair suggested that possibly up to 1 m or more of gravel could be required to counteract the swelling pressure. The cost of this repair option was too expensive.
Chemical treatment of the soil through cation exchange with lime could be relied upon to initially stabilize the subgrade and prevent dispersion and swelling. However, lime treatment was judged to be a short-term solution, since continual upward migration of sodium and magnesium would eventually result in replacement of the calcium. The investigation showed there was a limitless supply of Na salts deep into the subgrade.
Observations showed that grass-covered cut slopes appeared stable with no evidence of salt loading on the ground surface. This is in contrast to bare slopes above the armour gravel that failed. The root system apparently functions as a capillary break, preventing salt transport to the surface. Grassing was considered viable, but contract obligations required that the canal side slopes be lined with armour gravel. In addition, there were concerns about increased maintenance costs and the possibility of the grass dying when subject to sustained flooding during canal operation.
Observations showed that compaction of salt-rich clay colluvium with a sheepfoot roller resulted in stable canal slopes. The existing compacted clay liner showed no evidence of slope instability or salt loading after 6 years of service prior to reconstruction of MR3 and MR4. These slopes are still stable today (9 years later). It was decided to repair the failed canal sections with compacted clay based on the performance of the existing clay liner. Repairs were carried out by overexcavating the canal to obtain a compacted zone of clay that was at least 1 m in thickness normal to the canal side slopes and invert. The clay liner was constructed by placing soil in 200 mm, uncompacted, horizontal lifts and compacting with a sheepfoot roller with a minimum contact pressure of 2400 kPa. The results of 88 quality-control tests indicated a final compaction of 98.9% (±3.8%) of Standard Proctor maximum dry density with a final water content 1.6% (±2.4%) wet of optimum. The clay was to be compacted to at least 95% of Standard Proctor maximum dry density with a water content ranging from 0 to 2% wet of the optimum water content. gated. The dispersive nature of the clays was effectively characterized through the use of soil chemistry, clay mineralogy, and pinhole dispersion testing. Sloughing appeared to be concentrated in a colluvial slope where historically salinity development had developed as a result of a shallow water table. Further development of this salinity was enhanced by construction of the canal. Compaction was observed to be effective in preventing salt loading and swelling and softening of the side slopes. Approximately 2500 m of the canal was reconstructed in MR3 and MR4 which was located in the clay-rich colluvium. Performance of the reconstructed section has been satisfactory to date.
